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of Vibrio harveyimmi_6768 267..277
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the Department of Biology I, Microbiology, Ludwig-
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Summary
Quorum sensing (QS) refers to the ability of bacterial
populations to read out the local environment for cell
density and to collectively activate gene expression.
Vibrio harveyi, one of the best characterized model
organisms in QS, was used to address the question
how single cells behave within a QS-activated com-
munity in a homogeneous environment. Analysis of
the QS-regulated bioluminescence of a wild type
strain revealed that even at high cell densities only
69% of the cells of the population produced biolumi-
nescence, 25% remained dark and 6% were dead.
Moreover, light intensities greatly varied from cell to
cell at high population density. Addition of autoin-
ducer to a bright liquid culture of V. harveyi increased
the percentage of luminescent cells up to 98%, sug-
gesting that V. harveyi produces and/or keeps the
autoinducers at non-saturating concentrations. In
contrast, all living cells of a constitutive QS-active
mutant (DluxO) produced light. We also found that QS
affects biofilm formation in V. harveyi. Our data
provide first evidence that a heterogeneous popula-
tion produces more biofilm than a homogeneous one.
It is suggested that even a QS-committed population
of V. harveyi takes advantage of heterogeneity, which
extends the current view of QS-regulated uniformity.
Introduction
Bacterial populations are able to communicate via small
diffusible molecules. Moreover, bacteria read out their local
environment by producing and recognizing autoinducers
for cell density, a phenomenon called quorum sensing
(QS). Processes controlled by QS are useful for the popu-
lation, like bioluminescence, virulence factor secretion,
biofilm formation, sporulation and competence (Bassler
and Losick, 2006). QS was first described in Vibrio fischeri,
a symbiotic marine bacterium (Eberhard, 1972; Nealson,
1977; Greenberg et al., 1979; Kaplan and Greenberg,
1985). Vibrio harveyi, a Gram-negative marine bacterium,
regulates cell density-dependent expression of multiple
genes including those for bioluminescence (Bassler et al.,
1994), siderophore production (Lilley and Bassler, 2000),
an extracellular protease (Mok et al., 2003) and type III
secretion (Henke and Bassler, 2004a). V. harveyi pro-
duces and responds to three different autoinducers
(Waters and Bassler, 2005), which are recognized by
membrane-integrated hybrid sensor kinases: HAI-1 by
LuxN, AI-2 by LuxP/LuxQ and CAI-1 by CqsS (Freeman
et al., 2000; Chen et al., 2002; Henke and Bassler, 2004b;
Neiditch et al., 2005) (Fig. 1). HAI-1, an N-(3-
hydroxybutyryl)-L-homoserine lactone and CAI-1, a
3-hydroxytridecan-4-one are Vibrio specific autoinducers
(Cao and Meighen, 1989; Higgins et al., 2007). HAI-1 is the
main autoinducer in V. harveyi, whereas CAI-1 is more
important in Vibrio cholerae. In contrast, AI-2, a furano-
sylborate diester, is synthesized in Gram-negative and
Gram-positive bacteria (Chen et al., 2002; Sun et al.,
2004). Information of all three sensor kinases is trans-
duced via phosphorelay to the response regulator LuxO
(Freeman and Bassler, 1999). Phosphorylated LuxO acti-
vates the transcription of four small regulatory RNAs
(sRNAs) that destabilize together with the chaperone Hfq
the transcript for luxR (Tu and Bassler, 2007). The master
regulator LuxR, a TetR-type protein, is both an activator
and a repressor of a large number of QS-regulated genes
(Mok et al., 2003; Lenz et al., 2004; Pompeani et al.,
2008). Genetic studies revealed that LuxO is phosphory-
lated at low cell density resulting in a dark phenotype (no
bioluminescence). When the threshold concentration of
the corresponding autoinducers is reached, usually at high
cell density, LuxO is dephosphorylated resulting in a bright,
bioluminescent phenotype (Fig. 1). Besides studying the
integration capacity of the rather complex signalling
cascade by biochemical means (Timmen et al., 2006; Jung
et al., 2007), we are interested in the regulation of gene
expression at the single cell level (Megerle et al., 2008).
Up to now intercellular communication among non-
differentiating bacteria via QS molecules is thought to
synchronize the behaviour of all members of the group
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(Bassler and Losick, 2006; Keller and Surette, 2006).
Here, we determined QS-induced bioluminescence in wild
type V. harveyi at the single cell level. We demonstrate
that even apparently non-differentiating bacteria are het-
erogeneous within a population to take advantage of divi-
sion of work at high cell density.
Results
Heterogeneity of QS-regulated bioluminescence in
V. harveyi
We examined induction of bioluminescence of wild type
V. harveyi as the natural canonical QS-readout at the
single cell level using luminescence microscopy in a dark
chamber. After diluting a dense population of stationary
phase cells (13 h of growth) 1000-fold into fresh mineral
medium (AB medium), the percentage of bright cells
slowly decreased to about 20% in the lag phase (Fig. 2A).
Luciferase is a rather stable enzyme (Suadee et al.,
2007), which explains the relative high percentage of
bright cells within the lag phase. It should be noted that
the absolute cell number was rather low during lag phase,
and bioluminescence of the averaged population was
hardly detectable (Fig. 2A, purple dots). Within the expo-
nential growth phase the percentage of bright cells
increased and reached the maximum value (Fig. 2A, cyan
part of bar chart). Unexpectedly, at no time all cells were
bioluminescent. Even at high cell density on average 69%
Fig. 1. The QS circuit of V. harveyi. The
hybrid sensor kinases CqsS, LuxQ/LuxP and
LuxN detect the concentration of the
corresponding autoinducers. The higher the
autoinducer concentration, the lower is their
(auto)phosphorylation activity. The phosphoryl
group is transferred via phosphorelay
including the histidine phosphotransfer protein
LuxU to the s54-dependent transcriptional
activator LuxO. Phosphorylated LuxO
(LuxO~P) activates transcription of four
regulatory sRNAs (qrr1–4). Together with the
chaperon Hfq these sRNAs destabilize the
transcript of the master regulator LuxR. It is
proposed that there is an ultrasensitive switch
between degradation and accumulation of the
luxR mRNA. This in turn produces a gradient
of LuxR. According to their affinity to LuxR,
QS target genes are grouped into three
classes. The lux operon encoding luciferase
belongs to the class I genes that have the
lowest affinity and require a high
concentration of LuxR. Lines marked with a
‘P’ indicate phosphotransfer reactions. The
autoinducers CAI-1, HAI-1 and AI-2 are
synthesized by CqsA, LuxM and LuxS
respectively. H (histidine) and D (aspartate)
denote the phosphorylation sites. CM,
cytoplasmic membrane; CP, cytoplasm;
PP, periplasm.
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of the cells of a wild type population of V. harveyi pro-
duced bioluminescence (Fig. 2A, cyan part of bar chart),
25% of the cells remained dark (Fig. 2A, grey part of bar
chart), and 6% of the cells were dead (Fig. 2A, red part of
bar chart) (Table 1). Representative images obtained by
luminescence and phase contrast microscopy are pre-
sented in Fig. 2B. The images show the same field of view
of a sample taken from a culture at the late exponential
growth phase (8 h). Thus, even at high cell density, the
population was divided into two major subpopulations,
one produced bioluminescence and the other not. In the
stationary phase no further increase of the percentage of
Fig. 2. Heterogeneity in QS-regulated
bioluminescence of V. harveyi.
A. Time-dependent, quantitative analysis of
bioluminescence production within a
QS-activated population of V. harveyi. At time
zero, a dense population of stationary phase
cells (13 h of growth) was diluted 1000-fold
into fresh AB medium, and growth was
continued. At the times indicated samples
were taken and analysed. Per time point three
data sets are presented: (i) the total cell count
is represented by a bar. The fractions of
bright (cyan part), dark (grey part) and dead
(red part) cells of the population are indicated
with the colours. (ii) Growth was followed by
measuring the optical density at 620 nm
(black dots). (iii) The average luminescence
(purple dots) was measured in a luminometer
and is given in relative light units (counts s-1)
related to the optical density. The fractions of
bright, dark and dead cells of V. harveyi wild
type were determined after dividing the
number of bright cells (luminescence images)
or dead cells (cells stained with propidium
iodide, fluorescence images) by the total cell
number (phase contrast images). The
remaining fraction represented the dark cells.
For each time point between 300 and 700
cells were quantified. The cut-off value for a
bright cell was > 50 units of relative light
intensity above background.
B. Luminescence and phase contrast images
of V. harveyi BB120 (wild type) after 8 h of
growth. Phase contrast (left picture) and
luminescence (right picture) images show the
same field of view. Bright cells were recorded
with a high-sensitivity camera and coloured
cyan. Dead cells were stained with propidium
iodide and recorded by fluorescence
microscopy (red cells). Bar 2.5 mm.
C. Variation of light intensity of single bright
cells of V. harveyi wild type. Luminescence
images of all time points were analysed with
respect to the variation of the relative light
intensity of single cells. Between 150 and 350
bright cells were quantified for each time
point. Relative light intensities of bright cells
were plotted against the corresponding cell
count in histograms. Cells with a relative light
intensity below 50 were not considered in this
diagram.
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bright cells was observed (data not shown). It should be
mentioned that cells started to aggregate at early station-
ary growth phase, a phenomenon that prevented accurate
analysis of the whole population. Importantly, the fraction
of free-living cells at this growth stage still exhibited het-
erogeneous luminescence behaviour (data not shown).
We also tested the luminescence of aggregated cells,
which were dissolved by detergent treatment before lumi-
nescence microscopy. None of these cells were found to
be luminescent (data not shown). Routinely V. harveyi
was cultivated in the mineral salt-based AB medium in
which the cultures do not reach high cell densities (OD620
~2.0). To analyse bioluminescence behaviour of a culture
at higher cell density, V. harveyi was cultivated in rich LM
medium, and the percentage of luminescent cells was
determined over time. Although under this cultivation con-
dition the cell density was significantly higher (OD620
~5.0), a heterogenous population was formed (Table 1),
indicating that the cell density in AB medium was not
below the threshold for induction.
In parallel, the relative light units of the averaged popu-
lation were determined using a luminometer. The
population-wide average increase in bioluminescence
corresponded with the temporal increase of the fraction of
bright cells in the population (Fig. 2A). However, after 6 h
of growth (exponential growth phase) total biolumines-
cence of the whole population further raised, while the
percentage of bioluminescent cells remained constant.
These results proposed that the expression of luciferase
in cells of the bright subpopulation further increased. To
test this hypothesis, individual luminescence intensities of
about 150 (early time points of cultivation) to 350 cells
were determined for each time point (Fig. 2C). Indeed,
cells at high cell density (8 h of cultivation) were charac-
terized by much higher light intensities than those at low
cell density. It should be noted that the histograms of
Fig. 2C represent the variation of light intensity of bright
cells. Cells with a relative light intensity below 50 were
designated as dark cells and were not considered in this
diagram. Furthermore, it became evident that light inten-
sity varied from cell to cell. The degree of variance
increased considerably with higher cell densities (Fig. 2C,
Fig. S1).
To exclude that the observed heterogeneity of the popu-
lation was due to mutation, cells of a heterogeneous
culture were plated. Subsequently, cultures of these colo-
nies were analysed using luminescence microscopy. For
all tested colonies a distribution into bright and dark sub-
populations was found again, confirming that this distribu-
tion is an inherent property of a clonal population (data not
shown).
In addition, we tested whether the heterogeneity found
for the wild type population of V. harveyi BB120 was
affected by the cultivation conditions. For this purpose,
strain BB120 was cultivated at different temperatures
(15°C, 25°C and 30°C), in different laboratory culture
media (AB medium, LM medium) and in media closely
resembling the natural free habitat [salt water from two
aquaria (an aquarium with Pacific fishes and a shrimp
aquarium) supplemented with arginine]. Changes in tem-
perature and media affected the doubling times and
hence maximal cell density, but heterogeneity within the
population of V. harveyi BB120 was found in all media and
at all tested temperatures (Table 1). Moreover, new biolu-
minescent strains were isolated from the surface of the
European Seabass Dicentrarchus labrax. Two natural iso-
lates that differed in their maximal light production were
identified as V. harveyi with a sequence identity of 99.8%
compared with V. harveyi ATCC BAA-1116 (BB120).
Bioluminescence detection of single cells of the newly
isolated strains revealed heterogeneous behaviour as
well (data not shown). Therefore, the observed phenom-
enon was neither an exception for one strain nor the result
of a specific cultivation condition.
Single cell bioluminescence of a constitutive QS-active
V. harveyi mutant
Deletion of luxO introduces autoinducer-independent
expression of QS genes (Freeman and Bassler, 1999).
Table 1. Heterogeneity of the wild type V. harveyi population after cultivation at different conditions.
Cultivation condition Doubling time td (h) Microscopy after (h) Bright cells (%) Dark cells (%) Dead cells (%)
AB medium, 30°C 1.5 8 65.4 !3.7 27.5 ! 3.3 7.1 ! 3.0
AB medium, 25°C 2.5 8 73.8 ! 2.7 22.9 ! 2.4 3.3 ! 0.6
AB medium, 15°C 7.0 8 59.1 ! 4.4 36.4 ! 3.2 4.5 ! 2.6
LM medium, 30°C 1.0 8 57.0 ! 1.2 41.8 ! 1.2 1.2 ! 1.3
PAB medium, 30°C 8.0 10 61.2 ! 0.6 38.5 ! 0.7 0.3 ! 0.1
SAB medium, 30°C 27.0 30 51.5 ! 3.4 44.9 ! 8.6 3.5 ! 5.0
V. harveyi BB120 was cultivated at different temperatures in AB medium (30°C, 25°C and 15°C) and in different media (AB, LM medium, in various
salt water media) at 30°C. At the times indicated, cells were analysed by microscopy. About 700 cells per time point were examined, and the
average distribution into bright, dark and dead cells of three independent experiments is given (see Fig. 2A for details). Standard deviations are
indicated.
PAB, pacific aquarium-based; SAB, shrimp aquarium-based.
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In contrast to the wild type, all living cells of the V. har-
veyi luxO null mutant (JAF78) produced biolumines-
cence (Fig. 3A), which was independent from cell
density or growth phase (data not shown). Moreover, all
living cells of the mutant produced significantly more
light. The mean value of relative light intensities of
mutant cells after 8 h of cultivation was 2199 compared
with 1529 of the wild type (Fig. 3B). Although hardly
seen by eye, image analysis revealed that light intensi-
ties of the mutant cells varied, too. However, the degree
of variance (given as s2, whereby s is the standard
deviation) was 2.9-fold lower in case of the mutant com-
pared with the wild type. The observed QS-independent
variance of the mutant cells might be attributed to at
least two factors: the metabolic state of each cell and a
physical component. Different metabolic states of each
cell result in variations in the cellular content of e.g.
FMNH2 or the long-chain aldehyde, affecting the
luciferase reaction. Despite a biological explanation for
the observed variance, the physical variance has to be
taken into account. All pixels in the CCD camera are
expected to have a nearly Gaussian electronic noise. In
addition, the signal in a CCD pixel is expected to have a
statistical error resulting from a Poissonian distributed
photon counting rate.
The effect of autoinducers on the percentage of
bright cells
To examine whether the cells of the dark subpopulation of
V. harveyi were able to switch to a bright phenotype, we
added autoinducer to a bright liquid culture after 8 h of
cultivation, and samples were analysed after 30 min. The
percentage of luminescent cells increased after addition
of synthetic AI-2 (20 mM), or incubation in fivefold concen-
trated cell-free culture fluid to 83 ! 3% (! indicates the
standard deviation, data not shown) and 98 ! 1%
(Fig. 3C) respectively. This result suggests that V. harveyi
produces and/or keeps the autoinducers at non-saturating
concentrations resulting in the generation of bright and
dark subpopulations.
Significance of the phenotypic heterogeneity within the
V. harveyi population
In search for the biological significance of the described
phenotypic heterogeneity, we compared growth behaviour
of the wild type and the constitutive QS-active mutant
JAF78 (DluxO). First, we observed that wild type cells of
the stationary phase aggregated in liquid culture, while
mutant cells remained apart (Fig. 4A). Second, mutant
cells adhered hardly to coverslips. Adherence of these
Fig. 3. Homogenous behaviour of a V. harveyi constitutive QS-active mutant (DluxO) or the wild type in the presence of additional
autoinducers.
A. Luminescence of single cells of the V. harveyi mutant JAF78 (DluxO-CamR) after 8 h of growth. All living cells produced bioluminescence.
Phase contrast (upper picture) and luminescence (lower picture) images show the same field of view. Bar 2.5 mm.
B. Comparison of the light intensities of single cells of V. harveyi mutant JAF78 (DluxO-CamR) and the wild type BB120 after 8 h of growth.
Light intensity of about 200 (JAF78) and 300 (BB120) bright cells was quantified. The histogram for the light intensities of V. harveyi JAF78 is
shown in red and the histogram for the wild type BB120 is shown in blue. For each histogram a Gaussian fit was performed (black curves).
C. Luminescence of single cells of the V. harveyi wild type BB120 after 8 h of growth in AB medium and exposure to fivefold concentrated
cell-free fluid (CF) of a separate wild type culture. All living cells produced bioluminescence. Phase contrast (upper picture) and luminescence
(lower picture) images show the same field of view. Bar 2.5 mm.
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cells was only possible when the coverslip was coated
with poly L-lysine. V. harveyi is a serious pathogen for a
wide range of marine animals, and biofilm formation is
one of the virulence determinants (Austin and Zhang,
2006). Therefore, biofilm formation of the two strains was
tested in polystyrene flat-bottom well plates. At the times
indicated, wells were washed, and cells in the biofilm were
visualized by staining with crystal violet. Both, wild type
and mutant, switched to biofilm formation after 14 h of
growth (Fig. 4B). Remarkably, the capability of the DluxO
mutant to produce biofilm was significantly reduced
(Fig. 4B and C). Consistently, the capability of wild type
BB120 to form biofilm was also reduced when the culture
was grown in the presence of fivefold concentrated cell-
free fluid of a separate wild type culture that contained all
three autoinducers (Fig. 4C). To exclude non-specific
effects of cell-free culture fluids on growth, biofilm forma-
tion, etc., the experiment was repeated for wild type
BB120 in the presence of fivefold concentrated cell-free
fluid of a separate culture of V. harveyi mutant MM77
(Fig. 4C). V. harveyi MM77 lacks the genes encoding the
autoinducer-synthases luxS and luxM (Mok et al., 2003).
Thus, this mutant is unable to produce AI-2 and HAI-1.
Under this condition, the amount of produced biofilm by
wild type BB120 was hardly affected (Fig. 4C). These
results imply that heterogeneity of the population appears
to be beneficial for biofilm formation. Moreover, V. harveyi
seems to control the available autoinducer concentration
Fig. 4. Aggregation and biofilm formation of V. harveyi.
A. Phase contrast images of V. harveyi wild type BB120 (upper picture) and mutant JAF78 (DluxO-CamR) (lower picture). Cells were taken
from stationary phase cultures. Bar 2.5 mm.
B. Biofilm formation of V. harveyi wild type BB120 (white) and mutant JAF78 (DluxO-CamR) (grey) was monitored over time. Cells were grown
in AB medium in polystyrene microtiter plates. Biofilm formation was quantified after crystal violet staining. The experiment was performed in
triplicates, and error bars indicate standard deviation of the mean.
C. Biofilm formation of V. harveyi wild type BB120 (white), the constitutive QS-active mutant JAF78 (DluxO-CamR, dark grey), the QS-negative
mutant JAF548 (luxOD47E, black) and wild type BB120 either in the presence of fivefold concentrated cell-free fluid of a wild type BB120
culture containing all three autoinducers [+BB120-CF (AI+)] (light grey), or in the presence of fivefold concentrated cell-free fluid of the mutant
MM77 (luxLM::Tn5, luxS::CamR) culture that lacks HAI-1 and AI-2 [+MM77-CF (AI-)] (striped light grey) was examined after 25 h of growth in
polystyrene microtiter plates. Cells were grown and stained as described in (B). The experiment was performed in triplicates, and error bars
indicate standard deviation of the mean.
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very tightly. An excess of autoinducers significantly
lowered the amount of biofilm produced.
The correlation between biofilm formation and QS in
V. harveyi is not well characterized yet. For that reason we
tested the capability to form biofilm of the QS-negative
V. harveyi mutant JAF548. This mutant is characterized
by a dark phenotype independent of the autoinducer con-
centration (Freeman and Bassler, 1999). This phenotype
is caused by a single point mutation in luxO resulting in
the LuxO-D47E derivative which mimics the phosphory-
lated form of LuxO. Mutant JAF548 produced almost no
biofilm (Fig. 4C). Cultures of mutants JAF78 and JAF548
grown in the absence or presence of fivefold concentrated
cell-free fluid of a separate wild type BB120 culture
showed indistinguishable biofilm formation (data not
shown). These data provide a first indication that biofilm
formation is positively regulated by QS. The suggestion is
supported by the fact that an ‘artificial heterogeneous’
population consisting of 60% strain JAF78 and 40% strain
JAF548 was unable to produce as much biofilm as the
wild type (data not shown).
Discussion
Over the last two decades it became evident that bacteria
communicate with each other using chemical signalling
molecules. This chemical communication involves pro-
duction, excretion, sensing and response to these signal-
ling molecules. Especially non-differentiating bacteria use
this kind of signal-response systems to synchronize their
behaviour on a population-wide scale. Most QS-regulated
processes are only beneficial when they are performed
simultaneously by a large number of cells (Waters and
Bassler, 2005).
Here, we determined the behaviour of single cells within
a QS-activated community. Importantly, these studies
were performed with a V. harveyi wild type strain using
bioluminescence as natural QS readout. Our results indi-
cate that a clonal high dense population forms two major
subpopulations, a bright and a dark one, in a homoge-
neous environment. Moreover, light intensity varied con-
siderably from cell to cell. Heterogeneous behaviour was
found under all tested cultivation conditions. Therefore, it
appears unlikely that the observed heterogeneity is attrib-
uted to specific laboratory conditions. Additionally, forma-
tion of subpopulations was also found for two newly
isolated strains of V. harveyi. In contrast to the wild type
strain, all cells of a DluxO mutant were luminescent. Light
intensities of single cells within the mutant population
were significantly higher, and the degree of variance was
lower.
Population heterogeneity is a phenomenon that is
known for Bacillus (Chai et al., 2008), Agrobacterium
(Goryachev et al., 2005) and Pseudomonas (Diggle et al.,
2007). Heterogeneity provides the prerequisite for multi-
cellular behaviour of bacteria to share ‘community goods’
(Dunny et al., 2008), such as degradative enzymes, or
material for an extracellular matrix. In most of these pro-
cesses, positive feedback plays a fundamental role, as it
can generate bistable and multistable outputs. In this way,
two or more phenotypically different subpopulations
stably develop out of a clonal population in one culture.
These subpopulations are characterized by distinct gene
expression states (Smits et al., 2006). The lactose and
arabinose utilization systems display bistable (all-or-
nothing) responses at non-saturating concentrations of
lactose or arabinose respectively (Ozbudak et al., 2004;
Megerle et al., 2008). In these systems bistability is
caused by the autocatalytic positive feedback of the cor-
responding sugars on their uptake proteins. Positive feed-
back loops in QS-regulated processes are less well
characterized. In V. fischeri the autoregulatory feedback
seems to be dependent on LuxR and LuxI (Sayut et al.,
2007). In V. harveyi, QS-controlled gene expression is
rather complex, and the three autoinducers, HAI-1, AI-2
and CAI-1, display synergistic activity. Thus, all three
autoinducers are required to induce maximal biolumines-
cence (Henke and Bassler, 2004b). We found that the
percentage of luminescent cells of a bright liquid culture of
wild type V. harveyi significantly increased after addition
of synthetic AI-2 or incubation of cells in fivefold concen-
trated cell-free culture fluid. This result suggests that
V. harveyi produces/self-limits the autoinducers at sub-
saturating concentrations. The QS signalling cascade
comprises an ultrasensitive switch that is regulated by the
level of phosphorylated LuxO and hence the expression
of four sRNAs. (Lenz et al., 2004) (Fig. 1). By this means
a gradient of the master regulator LuxR is generated,
which in turn induces expression of different classes of
QS-target genes (Tu and Bassler, 2007). The first gene of
the lux-operon encoding luciferase luxC belongs to the
class I genes (Waters and Bassler, 2006). Induction of
these genes requires a high intracellular concentration of
LuxR. Recently, for both, luxR and luxC, the LuxR-binding
sites upstream of the corresponding genes were
identified. Both bioinformatic prediction and electro-
phoretic mobility shift assays uncovered multiple binding
sites of LuxR to the luxC promoter (Pompeani et al.,
2008). Altogether, the autoinducer-dependent phosphory-
lation state of LuxO in combination with the sRNA trig-
gered level of luxR mRNA and a putative positive
feedback of LuxR might account for the observed
heterogeneity. Some cells reach the threshold concentra-
tion of LuxR required for induction of the lux operon and
some cells not, which results in the generation of a bright
and a dark subpopulation. In addition, the bright subpopu-
lation displayed a high cell to cell variance, which is in
agreement with the proposed LuxR gradient and the sub-
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saturating autoinducer concentrations. The mechanism,
how V. harveyi controls self-limitation of autoinducers,
needs further investigation. Temporal synthesis, degrada-
tion or uptake of autoinducers are conceivable possibili-
ties (Xavier and Bassler, 2005).
In a recent study HAI-1 and/or AI-2 responsive qrr4-gfp
expression was studied at single cell resolution. In con-
trast to our results homogenous behaviour of the reporter
strain population was found (Long et al., 2009). The dif-
ference in the behaviour of the wild type and the reporter
strain populations can be explained as follows. Expres-
sion of the gfp fusion in the reporter strains was indepen-
dent of LuxR (compare Fig. 1), and all strains lacked the
corresponding autoinducer synthases. According to our
theory, a variable cellular LuxR concentration contributes
to heterogeneous behaviour of the V. harveyi wild type
strain. In addition, our results imply that V. harveyi self-
limits the autoinducer concentration. Putative feedback
loops associated with the synthesis and hence final auto-
inducer concentration were eliminated in the reporter
strains used by Long et al. (2009).
We found that cells of the wild type population had a
much higher tendency to aggregate. Hence we tested the
capability of V. harveyi to form biofilm. According to our
results a heterogeneous population, such as the wild type,
produced more biofilm than a homogenous one, such as
the constitutive QS-active mutant JAF78 or the wild type
in the presence of additional autoinducers. In contrast, the
QS-negative mutant JAF548 (LuxO-D47E) was hardly
able to produce biofilm, proposing that genes required for
biofilm formation are under positive control of QS. This is
the first indication for a correlation between QS and induc-
tion of biofilm formation in V. harveyi. In V. cholerae, the
LuxR homologue HapR is a negative regulator of biofilm
formation, while in most of the other examined Vibrio
species biofilm formation is positively controlled by QS
(Yildiz and Visick, 2009). Thus, cells of the dark subpopu-
lation might not be regarded as QS-inactive. The LuxR
level in these cells might be below the threshold concen-
tration to induce class I genes, such as luxC. Conse-
quently, these cells save the energy for biosynthesis of
luciferase, which can accumulate up to 5% of total soluble
protein in the stationary phase (Reeve and Baldwin,
1982), and NADPH + H+ and ATP required for
luminescence. However, the level of LuxR in these cells
appears to be sufficient to induce QS-regulated class II or
III genes encoding gene products required for biofilm
formation. Thus, the dark cells might be responsible for
providing material for an extracellular matrix. In this way,
the population would take advantage of division of work at
high cell density. In line with this hypothesis, we found that
an ‘artificial heterogenous’ population consisting of strains
JAF78 and JAF548 was unable to restore the biofilm
capability of wild type. The results described here are
reminiscent of the interconnection between population
heterogeneity and biofilm formation found in Bacillus
(Chai et al., 2008) and V. cholerae (Matz et al., 2005).
Heterogeneous behaviour is also advantageous from an
evolutionary point of view. According to the game theory,
heterogeneity in populations benefits the individual by
maximizing its own fitness resulting in an evolutionary
advantage of the whole population (Wolf et al., 2005;
Davidson and Surette, 2008).
To sum up, our results reveal that even apparently
non-differentiating bacteria form a heterogeneous
population. The results extend the current view on
QS-dependent synchronized behaviour, and will initiate
future studies on the molecular basis of the implemented
bi-/multistability as well as the significance of heteroge-
neous populations from the medical, ecological and evo-
lutionary point of view.
Experimental procedures
Bacterial strains and growth conditions
The V. harveyi strains BB120 (wild type) (Bassler et al.,
1997), MM77 (luxLM::Tn5, luxS::CamR) (Mok et al., 2003),
JAF78 (DluxO-CamR) and JAF548 (luxOD47E) (Freeman and
Bassler, 1999) were used throughout this study. V. harveyi
cells were cultivated in AB medium (Greenberg et al., 1979)
or LM medium (20 g l-1 NaCl, 10 g l-1 tryptone, 5.0 g l-1 yeast
extract), and incubated aerobically in a rotary shaker at 30°C.
When appropriate, the medium was supplemented with
chloramphenicol (33 mg ml-1). Salt water from a pacific and a
shrimp aquarium was sterile-filtered (0.20 mm), and supple-
mented with 10 mM L-arginine. To obtain culture fluids, the
cultures were centrifuged at 5000 g for 15 min. Culture fluids
were then filtrated (0.20 mm), lyophilized when required and
stored in concentrated form at -20°C or used immediately.
New V. harveyi strains were isolated from the surface of the
European Seabass D. labrax. The whole dead fish was incu-
bated in artificial sea water (46.4 g l-1 NaCl, 49.2 g l-1
MgSO4 ¥ 7 H2O, 3.0 g l-1 KCl, 5.8 g l-1 CaCl2 ¥ 2 H2O) at room
temperature for 30 h. Bright colonies were transferred to sea
water agar plates [20.0 g l-1 agar, 750 ml artificial sea water,
250 ml basal-medium (20.0 g l-1 peptone, 12.0 g l-1 yeast
extract, 4.0 g l-1 CaCO3, 12 ml l-1 glycerol)] and incubated at
room temperature for 24 h. Strains were purified and culti-
vated in AB medium. The isolated strains were identified as
V. harveyi with a sequence identity of 99.8% compared with
V. harveyi ATCC BAA-1116 (http://www.ncbi.nlm.nih.gov/
sites/entrez?Db=genome&Cmd=Search&TermToSearch=
txid338187[orgn]) after sequencing a 566 bp fragment within
the V3 region of the 16S rRNA gene using primers 341f
(5!-CCTACGGGAAGCAG-3!) and 907r (5!-CCGTCAATTCCT
TTGAGTTT-3!). Cycle sequencing was performed according
to standard protocols.
Single cell analysis
Cells of an overnight culture were diluted (1000-fold) into
fresh medium, and growth was continued under aerobic
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conditions. At the times indicated, cells were collected by
centrifugation at 5000 g for 10 min. The culture fluid was
saved for the subsequent steps. Cell pellets were resus-
pended in small volumes of the corresponding culture fluid.
To separate cells within a biofilm, the culture was treated with
0.05% (w/v) Tween20 for 10 min. 20 ml of the cell suspension
was stained with 5 mM propidium iodide (staining of dead
cells), and incubated in the middle of a coverslip in the dark
for 20 min. All coverslips were pretreated with poly L-lysine
(0.05 g l-1) to fix the cells on the surface. Subsequently, cells
were washed twice with the corresponding air-saturated
culture fluid directly on the slip to remove non-fixed cells.
Cells were examined using a customized inverted Leica
microscope DMI 6000 B (all light-emitting diodes were inac-
tivated) and the high-sensitivity camera iXON (Andor, 12 bit)
in a flow cell (Pecon). This flow cell has an upper and a lower
coverslip separated by a perfusion ring. Via this ring the
chamber was filled with medium. Cells were fixed on the
lower coverslip. All cells were monitored using phase-
contrast microscopy. Dead cells were identified using fluores-
cence imaging with the bandpass-filter BP546/12 and the
emission-filter 605/75. Bright cells were identified using lumi-
nescence imaging without any filter in a dark room. All lights
had to be switched off, and the chip of the CCD-camera was
exposed to the luminescent cells for 240 s. Images were
manually analysed by counting about 700 cells per image.
Light intensity of single cells was determined by using ImageJ
1.37c (National Institute of Health, http://rsb.info.nih.gov/ij),
and population analysis was performed using Root 5.20/00
(CERN). The cut-off value for bright cells was > 50 units of
relative light intensity above background. Aggregated cells of
V. harveyi BB120 and JAF78 were monitored using phase
contrast microscopy.
Quantitative biofilm assay
To assess biofilm formation, cells of an overnight culture of
V. harveyi were adjusted to an absorbance of A620 = 0.02 by
dilution with AB medium, and 100 ml was inoculated into a
polystyrene 96 flat-bottom well plate (Sarstedt). The culture
was grown at 30°C with shaking. At the times indicated, wells
were washed with distilled water or saline twice, and cells in
a biofilm were visualized by staining with 0.5% (w/v) crystal
violet for 20 min according to Wakimoto (Wakimoto et al.,
2004). Absorption of crystal violet was determined in a micro-
plate reader (Tecan Sunrise) at 620 nm.
Synthesis of AI-2
AI-2 was synthesized in vitro using the enzymes LuxS and
Pfs, and purified over boric acid resin according to Schauder
and Lenz (Schauder et al., 2001; Lenz et al., 2004). For this
purpose, LuxS and Pfs were produced and purified as
described before (Schauder et al., 2001; Sperandio et al.,
2003; Xavier and Bassler, 2005). Purity and yield of AI-2 were
indirectly assayed according to Lozada-Ramirez (Lozada-
Ramirez et al., 2006) by the method of Ellman (Ellman et al.,
1961). The biological activity of AI-2 was determined using
V. harveyi MM77 in a bioluminescence based reporter assay
(Bassler et al., 1993).
Bioluminescence assay
Luminescence produced by V. harveyi strains was deter-
mined in a Centro LB960 (Berthold Technology) for 0.1 s, and
data are reported as relative light units [counts s-1] related to
the optical density.
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Supplement 
 
SFig. 1: Alterations of light intensity of Vibrio harveyi wild-type BB120 cells. 
The relative light intensities of single bright cells were quantified (Fig. 2C). The cell 
count of the mean relative light intensity was normalized to 1 for each time point. The 
Gaussian-fitted curves of the normalized cell count plotted against the relative light 
intensity after 2 h (red), 4 h (blue), 6 h (purple) and 8 h (green) are shown in (A). For 
each time point, these curves were fitted to determine the mean light intensity (B) 
and the variance (C).  
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Strain Relevant genotype 
 
Phenotype luminescence Reference 
BB120 Wild type (ATCC-BAA1116) 
[reclassified: V. campbellii] 
Bright at high cell density Bassler et al., 1997, 
Lin et al., 2012 
JAF78 !luxO-Cmr: Constitutive bright Freeman and Bassler, 
1999 
MM77 luxLM::Tn5, luxS::Cmr Dark Mok et al., 2003 
JMH626 !luxN, luxQ::Tn5, cqsA::Cmr Dark Henke and Bassler, 
2004 
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BVEVVbVV*!7)%!712()81)%!$'J!"URCO"W#"*!
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!
!$(,UH(0*(0.;>.!P),4<',6!a>.!,1=!X61:!R>!
S28!',)&*!*+!,6)*&1=6;8'(!=8)8'4&18(!V6*'64!(81(&1:!'8:6-,)8=!7281*)578(!&1!!!
!"#$"%&'($)*+"&
BFFN!;*1+8'81;8!H#""!.I:!!?.,0=T('.*0=$,!,1=!/%-,(0.>05U(U.
H#""f#`f#$G#j.!R,'-('628!
!
!$(,UH(0*(0.;>.!%838)8!F>.!,1=!X61:!R>!
O6*'64!(81(&1:!&1!!"#$"%&'($)*+"E!F6)*&1=6;8'(!,;)!,(!,!)&48'!
J*'=*1!g8(8,';2![*1+8'81;8!AP81(*'5!S',1(=6;)&*1!&1!N&;'**':,1&(4(C!
H#"#f#"fH`GHd.!B81)6',!IKPFU!
!
!$(,UH(0*(0.;>.!]&';2!S>.!,1=!X61:!R>!
W8)8'*:818&)5!&1!V6*'64!(81(&1:!'8:6-,)8=!<&*-64&18(;81;8!*+!!"#$"%&'($)*+"!!
BFFN!;*1+8'81;8!H##d.I:!!?.,0=T('.*0=$,U.
H##df#$f#cG"".!D*;264!
!
!$(,UH(0*(0.;>.!,1=!X61:!R>!
W8)8'*:818&)5!&1!V6*'64!(81(&1:!'8:6-,)8=!7281*)578(!*+!!"#$"%&'($)*+"!!
J*'=*1!g8(8,';2![*1+8'81;8!AN&;'*<&,-!P)'8((!g8(7*1(8C!
H##cf#kf#jG"".!P*6)2!W,=-85!IKPFU!
.
!$(,UH(0*(0.;>.!]&';2!S>.!,1=!X61:!R>!
!"#$"%&'($)*+"!,(!,!)8()!(5()84!+*'!V6*'64!(81(&1:!8++8;)&98!4*-8;6-8(!
Y*'3(2*7!%61;)&*1,-!J81*4&;(!,1=!/1=6()'&,-!D&*)8;21*-*:5!
H##cf#jfH$GHb.!J',Z!IF6()'&,U!
.
!$(,UH(0*(0.;>.!]&';2!S>.!,1=!X61:!R>!
F1,-5(&(!*+!V6*'64!(81(&1:!=8781=81)!+61;)&*1(!*+!!"#$"%&'($)*+"!,)!(&1:-8!;8--!-898-!!
BFFN!;*1+8'81;8!H##c!I:!!?.,0=T('.*0=$,U.
H##cf#$f#dG"".!%',13+6')!
!
]&';2!S>.!!$(,UH(0*(0.;>.!R',?81<8':8'!S>.!,1=!X61:>!R>!
P8',;2!+*'!V6*'64!(81(&1:!8++8;)&98!4*-8;6-8(!+'*4!,!48),:81*4&;!-&<','5!
$'=!Q6'*78,1![*1+8'81;8!*1!]'*3,'5*)&;!J81*4&;(!I_Q[WQNFU!
H##kf"#f#kG"#.!JL))&1:81!
